Single-atom catalysts (SACs) have shown great potential in a wide variety of chemical reactions and become the most active new frontier in catalysis due to the maximum efficiency of metal atom use. The key obstacle in preparing SAs lies in the development of appropriate supports that can avoid aggregation or sintering during synthetic procedures. As such, achieving high loadings of isolated SAs is nontrivial and challenging. Conventional methods usually afford the formation of SAs with extremely low loadings (less than 1.5 wt%). In this work, a new in situ preparation strategy that enables the synthesis of isolated cobalt (Co) SAs with an exceptionally high metal loading, up to 5.9 wt%, is developed. The approach is based on a simple one-step pyrolysis of a nitrogen-enriched molecular carbon precursor (1,4,5,8,9,12-hexaazatriphenylene hexacarbonitrile) and CoCl 2 . Furthermore, due to the successful electron transfer from carbon nitride to the isolated Co SAs, we demonstrate a high-performance photocatalytic H 2 production using Co SAs as a co-catalyst, and the evolution rate is measured to be 1180 mmol g À1 h
Introduction
Single-atom catalysts (SACs) have attracted extensive attention as a new scientic frontier, effectively bridging the elds of heterogeneous and homogeneous catalysis. [1] [2] [3] [4] [5] Composed of isolated metal atoms dispersed on a support, SACs display distinctly different catalytic behavior to metal nanoparticles (NPs) while simultaneously maximizing the metal efficiency.
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As such, they offer great potential for achieving superior catalytic activity and selectivity, particularly for systems based on noble metals. 9, 10 However, it has been well documented that the surface free energy of metals increases signicantly with decreasing particle size, promoting aggregation or sintering during synthetic procedures. 11, 12 As such, conventional synthetic approaches generally afford the formation of isolated SAs with extremely low metal loadings (less than 1.5 wt%) since small loadings can help to avoid aggregation and prevent the formation of metal nanocrystals. This has signicantly impeded the development of SACs on account of the limited studies of their macroscopic properties. [13] [14] [15] [16] [17] Therefore, while the synthesis of uniform and stable SACs with high metal loadings is highly desired, it nevertheless remains a great challenge in this eld.
Herein, we report a new in situ synthesis approach for the preparation of isolated cobalt (Co) SAs with a signicantly large metal loading and further demonstrate their application as an efficient co-catalyst for visible-light-driven photocatalytic H 2 evolution. Photocatalytic hydrogen (H 2 ) evolution from water splitting represents one of the promising methods for effectively storing renewable solar energy in the chemical form and has attracted tremendous attention. [18] [19] [20] [21] Loading a co-catalyst is highly required in many systems, where the co-catalyst could promote efficient charge separation from the semiconductor to a Key Laboratory of Photochemical Conversion and Optoelectronic Materials, HKU-CAS Joint Laboratory on New Materials, Technical Institute of Physics and Chemistry, Chinese Academy of Sciences, Beijing 100190, China. E-mail: chenyong@mail.ipc.ac. cn the co-catalyst's surface. [22] [23] [24] [25] [26] Although great progress has been achieved, the synthesis of SACs, especially non-noble metal SACs, for photocatalytic H 2 evolution remains rare. [27] [28] [29] [30] The key to our success lies in a simple one-step pyrolysis of a nitrogenenriched molecular carbon precursor (1, 4, 5, 8, 9 ,12-hexaazatriphenylene hexacarbonitrile) and CoCl 2 , whereas isolated Co SAs were synthesized and immobilized on a porous nitrogendoped carbon support. The loading of Co SAs was as high as 5.9 wt%. Based on the successful electron transfer from the photosensitizer g-C 3 N 4 (ref. 31 and 32) to Co SAs, a highperformance photocatalytic H 2 production was achieved, suggesting promising catalysis applications of this new material.
Experimental
Preparation of g-C 3 N 4
The photosensitizer g-C 3 N 4 was prepared through a typical thermal polymerization procedure. 27 In a typical process, 5 g of urea was put into an alumina crucible and heated to 823 K for 4 h under an air atmosphere. The resultant yellow powder was washed with deionized water and ethanol, and then dried.
Preparation of Co-N-C
A mixture of 1,4,5,8,9,12-hexaazatriphenylene hexacarbonitrile (HAT-6CN, 116 mg) and anhydrous CoCl 2 (392 mg) (molar ratio: 1 : 10) was added into a quartz ampoule inside a glove box. The ampoule was then evacuated, vacuum-sealed, and then heated at 450 C for 20 h and 600 C for another 20 h. The heating rate is 5 C min À1 . The obtained black powder was subsequently ground and washed thoroughly with dilute 2 M HCl, water, acetone and dichloromethane. The desired product was dried in an oven at 80 C.
Different contents of CoCl 2 (1 : 15, 1 : 20, 1 : 30, molar ratio) were used towards the synthesis of Co-N-C with a diverse Co loading.
Metal free N-C was prepared in the absence of CoCl 2 using the above pyrolysis method.
Preparation of Co-N-C/g-C 3 N 4 composites
The hybrid materials were prepared as follows: Co-N-C and g-C 3 N 4 were mixed with a certain mass ratio and ground in an agate mortar for about 20 min.
Photoelectrochemical analysis
The electrochemical properties were obtained on a CHI 660E electrochemical work station (Chenhua Instrument, Shanghai, China) with a conventional three-electrode system. A working electrode was prepared as follows: 1 mg of the sample and 50 uL of Naon (5% solution) were dispersed in 1 mL CH 3 CH 2 OH by at least 2 h sonication to prepare a homogeneous catalyst colloid. Then, 100 mL of the above suspension was deposited onto 1 Â 2 cm 2 indium tin oxide (ITO) glass, and then dried at room temperature for 48 h to obtain working electrodes. The prepared electrodes, a platinum ake and an Ag/AgCl (saturated KCl) electrode were used as the working, counter and reference electrodes, respectively. A 0.1 M Na 2 SO 4 solution was employed as the electrolyte. Mott-Schottky plots were obtained under direct current potential polarization at different frequencies (2000, 3000 Hz) and at the potential range from À0.6 V to 0.4 V. Electrochemical impedance spectroscopy (EIS) was performed at an applied potential of 0.01 V versus Ag/AgCl over the frequency range of 1 MHz to 0.1 Hz.
Photocatalytic measurement
Photocatalytic H 2 evolution experiments were carried out in a 15 mL quartz tube sealed with a silicone rubber septum. In a typical photocatalytic experiment, 2 mg of the samples were suspended in an aqueous solution containing sacricial electron donors (5 mL, 10 vol%). The system was deoxygenated with Ar for 30 min to remove the air before irradiation. A LED light source (12 W, l ¼ 420 AE 10 nm) was used as the irradiation light source. The quantities of the H 2 evolution were measured using a gas chromatograph (GC-2014C, Shimadzu, with Ar as the carrier gas), which was equipped with a 5Å molecular sieve column (3 mm Â 2 mm) and a thermal-conductivity detector.
The detection of isotope D 2 is exactly the same as that of H 2 , except that the carrier gas is replaced by H 2 . The apparent quantum efficiency (AQE) was calculated according to the equation below:
where N H 2 and N P refer to the moles of H 2 evolved and total moles of photons absorbed by the photocatalyst, respectively.
Results and discussion
To illustrate this approach, the preparation route is shown in Scheme 1. 1,4,5,8,9,12-hexaazatriphenylene hexacarbonitrile (HAT-6CN), a nitrogen (N)-enriched molecular carbon monomer, was rationally synthesized and employed for the construction of our desired porous carbon matrix. The metalsupport interaction has been proven to play a crucial role in stabilizing metal SACs. Doping rich N-based sites into carbon architectures provides a facile means to enhance this interaction, as a way to stabilize isolated metal SAs, such as Co-N 4 and Ni-N4. 33-37 Previously, we reported the successful synthesis of a N-enriched porous triazine-linked framework based on the ZnCl 2 -promoted ionothermal polymerization of an analogue motif, 3,7,11-trimethoxy-2,6,10-tricyano-1,4,5,8,9,12-hexaazatriphenylene (HAT-3CN, Scheme S1 †). 38 We hypothesized that this new type of N-doped material derived from the HAT ring could be employed as a novel support for the immobilization of SAs, for example, Co SAs. In this regard, CoCl 2 was used as a surrogate for ZnCl 2 . It has been well documented that pyrolyzing aromatic ortho dinitriles at a high temperature in the presence of metal salts, like ZnCl 2 and CuCl 2 , affords the formation of phthalocyanine-linked frameworks based on the condensation reaction of nitrile groups. 39, 40 In this context, HAT-6CN and CoCl 2 (1 : 10, molar ratio) were rst sealed in a quartz ampoule and then pyrolyzed at 450 C for 20 h and 600 C for another 20 h, as a way to create abundant N-doped sites inside the carbon matrix. The obtained crude material was thoroughly washed with a diluted acid solution to remove impurities. Synthetic details are presented in the experimental section.
As expected, elemental analysis indicates an extremely high N content of 21.8 wt% within the resulting material Co-N-C. Pyridinic N (398.6 eV), Co-N (399.1 eV) and pyrrolic N (400.2 eV) were observed (Fig. S1 †) , respectively.
41 These attractive Ndoped sites may serve as anchors to stabilize Co species. To conrm this, the structure of Co-N-C was rst examined by Xray diffraction (XRD), and we did not obtain any diffraction peaks associated with large Co species (Fig. S2 †) , suggesting that the sizes of Co species within the architecture of Co-N-C are extremely small, potentially in terms of small nanoclusters or even single atoms. The observed broad peak originates from the partially graphitized structure of Co-N-C. Both the D band and graphitic G band were clearly observed in its Raman spectra (Fig. S3 †) . Additionally, as shown in the Co 2p XPS spectrum (Fig. S1 †) ), respectively, indicating the existence of Co-N moieties. 42 The atomic ratio of C and N was estimated to be 1 : 0.24 by energy dispersive X-ray spectroscopy analysis (Fig. S4 †) , which is basically consistent with the results of elemental analysis. Elemental mapping results, as depicted in Fig. S5 , † clearly indicate the existence of Co, N and C elements in the sample.
To get a better understanding of these Co species, we then performed aberration corrected high-angle annular dark-eld scanning transmission electron microscopy (HAADF-STEM). As anticipated, abundant Co SAs were clearly observed (Fig. 1b) , further supporting the XRD results. X-ray absorption spectra (XAS) measurements were then carried out, aiming to identify their structures. The difference in the intensity and the position in the Co K-edge X-ray absorption near-edge structure (XANES) spectra of Co-N-C and standard Co foil implies that the Co species are in different environments (Fig. 1d) . 42 The Co extended XAFS (EXAFS) spectra ( Fig. 1e and f) were therefore collected to determine their local structures. In comparison with those of Co foil, the absence of a peak at ca. 2.1Å, ascribed to the Co-Co bond (Fig. 1e) , suggests that Co species within Co-N-C are not metallic Co. Instead, the new peak at ca. 1.4Å (Fig. 1f) indicates that the Co species are coordinated with nitrogen atoms, thus implying that the Co-N coordination may account for the successful stabilization of these Co SAs. 43 The coordination number for isolated Co centers is also quantied by least-squares EXAFS curve-tting analysis (Fig. S6 and Table  S1 † The content of Co SAs was subsequently detected by inductively coupled plasma atomic emission spectroscopy (ICP-AES). Surprisingly, an extremely high loading of 4.2 wt% of Co was determined, suggesting that this new simple in situ preparation approach is a unique method that enables the synthesis of SAs with a large metal loading. Furthermore, as determined using the N 2 adsorption-desorption isotherms at 77 K, Co-N-C exhibits an attractive porous nature with a high BrunauerEmmett-Teller (BET) surface area of 268 m 2 g À1 (Fig. S7 †) , suggesting promising catalysis applications. Inspired by the above success, we examined the photocatalytic H 2 production, using polymeric g-C 3 N 4 as a photosensitizer and Co-N-C as a co-catalyst. Triethanolamine (TEOA) was employed as a sacricial agent. As shown in the UV-vis studies (Fig. S8 †) , pristine g-C 3 N 4 exhibits an absorption edge at 
-N-C/g-C 3 N 4 composite, where the absorption intensity was gradually enhanced with the increase of the loading of Co-N-C. This result is similar to those of previouslydeveloped metal phosphide and sulde co-catalysts. 44 As shown in Fig. 2a , pristine g-C 3 N 4 exhibits weak photocatalytic activity, suggesting a fast recombination of photogenerated charges. 45 In our work, g-C 3 N 4 was synthesized through a typical thermal polymerization of urea, which exhibits photocatalytic activity with a H 2 evolution of 22 mmol g À1 h À1 under LED visible light irradiation (12 W, l ¼ 420 AE 10 nm). This performance is lower than that of other g-C 3 N 4 materials in the literature. We reasoned that the difference in the light source may account for this decrease since a light source higher than 300 W is widely used (ESI Table S3 †). Co-N-C/g-C 3 N 4 with 35 wt% content of Co-N-C, shows the highest H 2 evolution rate, up to 920.0 mmol g À1 h À1 , which is ca. 41 fold higher than that of pristine g-C 3 N 4 , despite the fact that the photocatalytic activity of Co-N-C alone is very low. A further increase in the Co-N-C loading results in a decrease of photocatalytic performance because excess Co-N-C may shield the incident light. As a result, Co-N-C/g-C 3 N 4 with 35 wt% content of Co-N-C was used as the optimized material for the following studies. The sacricial reagent effect on the photocatalytic performance was then examined. Triethylamine (TEA) and methanol (CH 3 OH) were investigated. Fig. 2b summarizes the results and indicates that the sacricial reagent plays an important role in achieving high-performance catalytic activity on Co-N-C/g-C 3 N 4 . The use of TEOA affords the best photocatalytic H 2 production. In addition, negligible H 2 can be detected when the sacricial reagent and light are absent, suggesting that the generation of H 2 is driven by the photocatalytic process. Theoretically, the electronic band structures of g-C 3 N 4 are suitable for visible-light-driven overall water splitting. However, enormous studies have demonstrated that g-C 3 N 4 suffers from rapid recombination of photogenerated carriers. To solve this problem, electron sacricial agents have been frequently added into the reaction system to consume the photogenerated holes, thereby increasing the survival time of photogenerated electrons. The long-lived photogenerated electrons are able to reach the surface active sites to initiate the photocatalytic redox reaction. Electron sacricial reagents are used to achieve H 2 evolution in most research studies, although very few literature studies have reported that g-C 3 N 4 can exhibit the overall water splitting reaction, as shown in ESI Table S3 . † The controlled metal-free N-doped carbon sample (N-C), which was prepared in the absence of CoCl 2 , shows very poor catalytic activity, indicating that Co SAs are intrinsic active sites. To conrm whether the as-generated H 2 is from water or TEOA, a reference evaluation using a pure TEOA solvent instead of the TEOA aqueous solution (10% in volume) was performed (Fig. S9 †) . As expected, there was almost no H 2 evolution when TEOA alone was used, suggesting that water was the source of H 2 during the photocatalytic reaction. To get a better understanding, an isotopic experiment was further conducted. When H 2 O was replaced with D 2 O, D 2 was detected using He gas as the GC carrier. 46 The results demonstrate that a negative GC signal for D 2 gas was detected, but H 2 was not generated at all (Fig. S10 †) . Taken together, it thus can be concluded that H 2 evaluated from the photocatalytic reaction originates from the splitting of water, not TEOA. Furthermore, EIS-MS spectroscopy was employed to monitor the possible oxidation products of TEOA during photocatalytic H 2 evolution (Fig. S11 †) . No additional peaks of the corresponding oxidation products of TEOA, such as aldehyde and carboxylic acid, were observed, suggesting that TEOA is degraded into fragmented molecules aer accepting the photogenerated holes. A durability test was subsequently performed. As shown in Fig. S12 , † the rate of H 2 production exhibits a slight decrease aer ve runs. The XRD pattern of the recovered Co-N-C/g-C 3 N 4 is consistent with that of the asprepared sample (Fig. S13 †) . Moreover, ICP-AES results show that the content of the Co atom is only slightly reduced from 4.2% to 4.0%, where the change in the value is within the measurement error. HAADF-STEM of Co-N-C/g-C 3 N 4 aer the durability test was also examined. As expected, isolated Co SAs were clearly observed (Fig. S14 †) , further supporting the highperformance of catalytic stability on Co-N-C/g-C 3 N 4 .
The synergistic effect between g-C 3 N 4 and Co-N-C may account for the obtained enhancement of the photocatalytic H 2 evolution. To conrm this, photoluminescence (PL) emission spectroscopy, electrochemical impedance spectroscopy (EIS) and transient IR absorption spectroscopy (TIRA) were carried out to determine the electron transfer between g-C 3 N 4 and Co-N-C. As shown in Fig. 3a , one main emission peak, attributed to the band to band recombination, appears at about 450 nm for pure g-C 3 N 4 .
47 As the intensity of the emission peak is correlated with the recombination rate of photogenerated electrons and holes, it can be found that the signal intensities of Co-N-C/g-C 3 N 4 composites are greatly inhibited, implying that the photogenerated electron-hole pairs have a better separation at the interface between Co-N-C and g-C 3 N 4 .
48,49 Moreover, an interfacial transition of charge carriers in Co-N-C/g-C 3 N 4 is also supported by the EIS results (Fig. 3b) . The semicircle diameter in the Nyquist plots of Co-N-C/g-C 3 N 4 is smaller than that of g-C 3 N 4 . A smaller arc radius of the EIS Nyquist plot suggests an effective separation of the photogenerated electron-hole pairs and fast interfacial charge transfer, which are in good accordance with the PL results. TIRA measurements are therefore performed to determine the direction of electron transfer. The time proles of transient absorption are studied under 420 and 600 nm visible-light irradiation, respectively. For 600 nm irradiation, no photogenerated electron signals are detected for g-C 3 N 4 (Fig. 3c) . The time proles of Co-N-C and Co-N-C/g-C 3 N 4 could be tted by two-exponential functions, and their lifetimes are summarized in Table S2 . † Based on the calculated equation, the average lifetime of Co-N-C is only 3.9 ps. Comparing with Co-N-C, no signicant change was observed for that of Co-N-C/g-C 3 N 4 (4.4 ps), suggesting that photogenerated electrons cannot be transferred from Co-N-C to g-C 3 N 4 . When 420 nm excitation was employed, photogenerated electrons could be produced in g-C 3 N 4 , and its average lifetime was 723.9 ps (Fig. 3d) . Meanwhile, the lifetime of Co-N-C is still only 3.2 ps, which is about twohundredth of that of g-C 3 N 4 . Owing to the ultra-short lifetime of photogenerated electrons in Co-N-C, the absorption signal of photogenerated electrons in the Co-N-C/g-C 3 N 4 composite mostly originated from the exited g-C 3 N 4 .
24 Compared to pure g-C 3 N 4 , the average lifetime of Co-N-C/g-C 3 N 4 is signicantly decreased and is only 3.4 ps. Hence, the loading of Co-N-C greatly decreases the decay lifetime of g-C 3 N 4 . This effect is attributed to an additional decay channel that is opened through electron transfer from g-C 3 N 4 to the Co atom in Co-N-C. 50, 51 Based on the PL, EIS and TIRA results, it can be concluded that under 420 nm irradiation, there is an electron transfer between g-C 3 N 4 and Co-N-C, and the direction of electron transfer is from g-C 3 N 4 to Co-N-C.
In an effort to get a deeper insight into the transfer of photogenerated electrons from g-C 3 N 4 to Co-N-C and determine the energy levels, we then examined the at potentials of both samples. As displayed in Fig. S15 , † the positive slopes of MottSchottky plots indicate that both Co-N-C and g-C 3 N 4 possess ntype semiconductor characteristics. For n-type semiconductors, it has been reported that the conduction bands (CBs) are normally 0.1-0.2 eV deeper than the atband potential. 52 As such, the difference between the CB and the at potential value is set to be 0.1 eV. The CB potentials of Co-N-C and g-C 3 N 4 were calculated to be À1.14 and À1.42 V (vs. SCE), respectively. Consequently, Co-N-C has a suitable redox potential for accepting the photoinduced electrons from g-C 3 N 4 . A possible photocatalytic mechanism was thus proposed and is shown in Fig. 3e . When g-C 3 N 4 is modied by the co-catalyst Co-N-C, the photogenerated electrons in g-C 3 N 4 will be transferred to isolated Co atoms in Co-N-C on account of the difference in the CB position. Then, the electrons will accumulate on Co atoms and participate in H 2 evolution. The electron sacricial agent will be oxidized by photogenerated holes on the valence band (VB) of g-C 3 N 4 . Therefore, an effective photogenerated charge carrier separation can be achieved, resulting in the enhanced photocatalytic H 2 production.
Based on the aforementioned results, we further attempted the in situ synthesis to achieve a higher loading of Co SAs by simply increasing the use of CoCl 2 . Signicantly, the Co SA loading can be enhanced to 5.9 wt% when 1 : 30 molar ratio of HAT-6CN and CoCl 2 was employed (Fig. 4a) . The HAADF-STEM result successfully conrms the rich abundance of isolated Co SAs on the carbon matrix (Fig. 4d) . As a result, the H 2 evolution rate was improved from 920.0 mmol g À1 h À1 (4.2 wt% Co) to 1180 mmol g À1 h À1 (Fig. 4b) . A negligible difference in the H 2 evolution rate was obtained for the samples with 5.6 and 5.9 wt% Co loading. We further calculated the AQE determination at 420 nm for Co-N-C with 5.6 wt% of Co SACs. The AQE value for H 2 evolution in 4 h was calculated to be 2.53%. In the meantime, the calculated turnover frequency (TOF) for single Co atom active sites reaches 3.6 h À1 . A comparison of the stateof-art performance of other SACs and g-C 3 N 4 materials is shown in the Tables S3 and S4 . † The photocatalytic activity of H 2 evolution of Co-N-C is better than that of most composites reported in the literature. We reasoned that there could be two factors affecting the photocatalytic performance of our Co SACs.
One is the loading of Co SACs, the other is the degree of graphitization of our support. The former can improve the number of catalytic active sites, and the latter may promote the transfer rate of photogenerated electrons. As the loading of Co SACs increases, more N-doped sites within the support need to be served as anchors to stabilize Co atoms, which may affect the delocalization p bond of the support. As a result, there could be a threshold for the effect of Co loading on the photocatalytic performance. As shown in Fig. 4a and b, the difference in photocatalytic activity of Co SACs is not signicant when the Co loading is over 5.6 wt%.
Conclusions
In summary, a new in situ synthesis strategy was successfully developed for the preparation of isolated Co SAs with extremely high metal loadings. A simple one-step pyrolysis of a N-enriched molecular carbon monomer (1,4,5,8,9,12-hexaazatriphenylene hexacarbonitrile) and CoCl 2 affords the generation isolated Co SAs on a porous carbon support with high loadings, up to 5.9 wt%. Furthermore, based on the successful electron transfer from the photosensitizer graphitic carbon nitride to isolated Co SAs, the resulting new material shows a high catalytic activity for visible-light-driven photocatalytic H 2 production with an evolution rate of 1180 mmol g À1 h À1 . We anticipate that this new study could advance the development of new SACs with high metal loadings for catalysis applications.
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